Noroviruses are the most common cause of epidemic gastroenteritis. Genotype II.3 is one of the most frequently detected noroviruses associated with sporadic infections. We studied the evolution of the major capsid gene from seven archival GII.3 noroviruses collected during a cross-sectional study at the Children's Hospital in Washington, DC, from 1975 through 1991, together with capsid sequence from 56 strains available in GenBank. Evolutionary analysis concluded that GII.3 viruses evolved at a rate of 4.16 ؋ 10 ؊3 nucleotide substitutions/site/year (strict clock), which is similar to that described for the more prevalent GII.4 noroviruses. The analysis of the amino acid changes over the 31-year period found that GII.3 viruses evolve at a relatively steady state, maintaining 4% distance, and have a tendency to revert back to previously used residues while preserving the same carbohydrate binding profile. In contrast, GII.4 viruses demonstrate increasing rates of distance over time because of the continued integration of new amino acids and changing HBGA binding patterns. In GII.3 strains, seven sites acting under positive selection were predicted to be surfaceexposed residues in the P2 domain, in contrast to GII.4 positively selected sites located primarily in the shell domain. Our study suggests that GII.3 noroviruses caused disease as early as 1975 and that they evolve via a specific pattern, responding to selective pressures induced by the host rather than presenting a nucleotide evolution rate lower than that of GII.4 noroviruses, as previously proposed. Understanding the evolutionary dynamics of prevalent noroviruses is relevant to the development of effective prevention and control strategies.
. HBGAs are carbohydrates expressed on cell surfaces and are the determinants of ABO, Lewis, and secretor blood types. The major capsid protein, VP1, contains sites that are predicted to interact with HBGAs, and mutations occurring in this region may be driven by the evasion of the host immune response (11) .
Despite the large number of NoV genotypes cocirculating in human populations, specific genotypes have predominated over time. The majority of acute gastroenteritis outbreaks due to NoV infection are caused by GII.4 NoVs (28, 34, 41) , while GII.3 NoVs are one of the most common genotypes associated with sporadic NoV infection, particularly in children, where they often are identified as the dominant genotype (1, 2, 9, 13, 34) . In addition, GII.3 NoVs also have been implicated in food-borne outbreaks in developed and developing countries (44, 45) . Although both GII.3 and GII.4 genotypes have an important role in human NoV infections, few studies have addressed the genetic basis of the epidemiological differences between these NoVs (5, 39) . It has been suggested that GII. 4 NoVs predominate over time through cluster replacement with intermediate periods of stasis and the ability of the clusters to shift the interactions between different HBGAs (28) . In contrast, it was proposed that GII.3 NoVs had an evolutionary disadvantage compared to GII.4 NoVs due to a lower rate of evolution and a less processive polymerase (5) .
NoVs were discovered in 1972 (24) ; however, the oldest GII.3 strain identified to date is from a 1983 sample isolated in the Goulburn Valley of Australia (42) . It has been proposed that the incidence of GII.3 NoVs increased in the 1990s following GII.4 pandemic periods (6) , but little is known about GII.3 NoVs prior to this time.
The Children's Hospital National Medical Center of Washington, DC (CHDC), study was initiated in 1974 to determine the etiology of severe acute gastroenteritis in infants and children (2, 4) . The current study aims to characterize the molecular evolution of GII.3 NoVs from 1975 through 2006 by analyzing the sequence of the VP1 gene of these viruses from archival clinical samples collected from the CHDC study in combination with GII.3 sequences available in GenBank. The additional comparison of the evolution of the GII.3 NoVs with GII. 4 NoVs over the same time period was performed to examine potential differences that may have led to the predominance of the GII.4 genotype over the GII.3 genotype. A better understanding of how GII.3 NoVs evolve over time may help clarify how these viruses evade the host immune response and persist in the human population and determine whether they indeed have an evolutionary disadvantage compared to GII.4 NoVs. These insights will aid in the development of prevention and control strategies, including vaccination and drug therapies.
MATERIALS AND METHODS
Sample collection. Seven of 23 NoV GII.3 strains previously identified in archive stool materials from infants and children admitted to the Children's Hospital National Medical Center, in Washington, DC (CHDC), were selected for analysis in this study. These archival samples originally were collected as part of a cross-sectional study which included patients with diarrhea, vomiting, or both, as well as controls, and was conducted between January 1974 and July 1982 and from 1987 through 1991 (2, 4) . Samples were selected based on the quality and quantity of RNA available, and to span the whole time frame of sample collection, selected samples were collected in 1975, 1976, 1979, 1988, 1990 , and 1991.
The CHDC study originally was supported by several grants (including AI01528-17/10) and contracts (NIH-NIAID-71-2091) with the NIAID, NIH, and has been described previously (2, 4) . This research was reviewed by the Office of Human Subjects Research at the National Institutes of Health and was determined to be exempt from institutional review board approval.
RNA extraction. RNA extraction for NoV capsid gene amplification and sequencing was performed as described previously (2) . Briefly, stool samples were reconstituted into 10% suspensions in phosphate-buffered saline (PBS) and then further clarified using Genetron (1,1,2-trichloro-1,2,2-trifluoroethane; Aqua Solutions, Deer Park, TX). RNA was extracted using an RNeasy kit (Qiagen, Valencia, CA) by following the manufacturer's recommendations. RNA was stored at Ϫ70°C. VP1 gene sequencing. Previously, NoVs were provisionally genotyped by submitting the partial polymerase sequence to a BLAST search (2, 29) . Selected samples positive for GII.3 NoVs based on the polymerase screening were subjected to full VP1 gene sequencing. The seven samples selected were Hu/ NoV/GII.3/CHDC2005/1975/US, Hu/NoV/GII.3/CHDC32/1976/US, Hu/NoV/ GII.3/CHDC4671/1979/US, Hu/NoV/GII.3/CHDC4031/1988/US, Hu/NoV/GII.3/ CHDC4090/1988/US, Hu/NoV/GII.3/CHDC5261/1990/US, and Hu/NoV/GII.3/ CHDC5365/1991/US. Full-length VP1 sequences were obtained using nested or one-step reverse transcription-PCR (RT-PCR) by primer walking (see Fig. S1 in the supplemental material). cDNA for use in nested PCRs was generated using the Superscript III first-strand synthesis super mix (Invitrogen), using either oligo(dT) or random hexamers (Invitrogen) as primers, by following the manufacturer's recommendations. PCR was carried out using the elongase system (Invitrogen) by following the manufacturer's recommendations. One-step RT-PCR was carried out using the Superscript III one-step RT-PCR system HiFi (Invitrogen) by following the manufacturer's recommendations. PCR products were run on 1.2% agarose gels and were purified using a QIAquick gel extraction kit (Qiagen). The nucleotide sequence was determined directly from the purified DNA amplicon using the BigDye Terminator cycle sequencing ready reaction kit (Applied Biosystems, Carlsbad, CA), and the sequencing products were resolved on an ABI PRISM 3730 automated DNA sequencer (Applied Biosystems).
Phylogeny. Evolutionary analysis was performed on seven full-length VP1 nucleotide sequences corresponding to GII.3 NoVs from the CHDC study, together with 56 sequences available in the GenBank database as of 1 April 2010 that reported a reliable date of sample collection (see Fig. S2 in the supplemental material). Sequence alignments were performed using Clustal X 1.8, and the alignments were manually edited in MegAlign version 8.0 (Lasergene, Madison, WI). The parameter values for the best-fit model of nucleotide substitutions were determined to be GTRϩIϩG (general time reversible model; proportion of invariable sites [I], 0.4381; gamma distribution shape parameter [G], 1.0671) using Akaike information criterion (AIC) as implemented in MODELTEST (36) . A phylogenetic tree was inferred by maximum-likelihood reconstruction based on the nucleotide alignment of full-length VP1 sequences as implemented in PhyML software (21) . The statistical significance of phylogenies constructed was estimated by bootstrap analysis with 100 pseudoreplicate data sets. The tree was displayed with the Fig Tree program (http://tree.bio .ed.ac.uk/software/figtree/) (37) .
Evolutionary analysis. The parameter values for the best-fit model of nucleotide substitutions were determined, as described above, using AIC as implemented in MODELTEST (36) . The corresponding sample collection dates were assigned using the BEAUTi application, which is part of the BEAST package (15, 16) . Rates of nucleotide substitution per site and the time to the most recent common ancestor (TMRCA) were estimated using Bayesian Markov chain Monte Carlo (MCMC) as implemented in the BEAST software package (15, 16) . The model of substitution utilized was the GTR, and the data set was partitioned by codon positions. Since no demographic model is available from organisms showing cyclic annual/seasonal behavior, the Bayesian skyline model for population growth was selected, and the corresponding plots were observed in a graph (17) . BEAST files were run assuming a constant rate of evolution across the tree (strict molecular clock) or using relaxed-clock models (log normal and exponential), which model a varying molecular rate among lineages (14) . In all cases, statistical uncertainty in parameter values across the sampled trees is given by the 95% highest probability density (HPD) values. For all models, chains were run until convergence was achieved (as assessed using the TRACER program, which is part of the BEAST package), and BEAST files were run three times independently for each model.
The nucleotide and amino acid variations within and between clusters observed in the phylogenetic tree were examined by applying the Tamura-Nei model and Poisson correction, respectively (MEGA version 4) (43) . Amino acids of all GII.3 NoV and GII.4 NoV VP1 sequences available in GenBank were aligned with their respective genotype in Clustal X 1.8. The amino acid distance between each strain and the most ancestral strain in the respective genotype, Hu/NoV/GII.3/CHDC2005/1975/US (GII.3) or Hu/NoV/GII.4/ CHDC2094/1974/US (GII.4), was calculated using MEGA version 4 (43) and plotted against the year the strain was collected.
Positive selection. Site-specific positive selection was evaluated as rates of nonsynonymous versus synonymous substitutions among sequences present in the GII.3 alignment. Our analysis was performed using the single-likelihood ancestor counting (SLAC) method available in the HyPhy package (35) . The GTR substitution model was chosen and a neighbor-joining tree was used as an input, with a limit of significance of 0.25.
Residue mapping on protein structure. A homology model of the Hu/NoV/ GII.3/CHDC2005/1975/US P domain was derived by comparing the amino acid sequence to sequences existing in the Protein Data Bank. The homology model was created using the I-TASSER web server and was modeled after Hu/NoV/ GII.4/VA387/1998/US (2OBT) (and similar) templates (7, 38, 46, 47 . The recombination of plasmid DNA with baculovirus DNA was performed using the Baculodirect kit (Invitrogen), and recombinant virus-like particles (rVLPs) were amplified and purified as previously described (2) .
The ability of VLPs to bind to synthetic oligosaccharides and of antibodies to block the binding of VLPs to synthetic HBGA H type 3 (H3) carbohydrate was determined as previously described (2, 3) . Briefly, neutravidin-coated plates (Pierce, Rockford, IL) were treated with 1 mg/ml biotinylated carbohydrate
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(Glycotech, Gaithersburg, MD) for 2 h and washed with PBS containing 0.05% Tween 20 and 0.1% bovine serum albumin (BSA). Wells were coated for 1 h with 1.5 g/ml of either VLP alone or VLP combined with VLP-specific sera, which were generated in rVLP-immunized guinea pigs. The binding of captured VLP was determined by incubation with guinea pig anti-VLP-specific hyperimmune sera (1:5,000 dilution), followed by incubation with a peroxidase-conjugated goat anti-guinea pig serum (1:2,000 dilution; KPL, Gaithersburg, MD). The reaction was revealed with peroxidase substrate 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; KPL) and read at 405 nm by a Dynex Technologies Revelation 4.25 plate reader (Dynex Technologies, Chantilly, VA). All incubations were conducted at room temperature. Nucleotide sequence accession numbers. The complete VP1 gene sequences from the seven CHDC GII.3 NoVs sequenced were submitted to the GenBank database under the following accession numbers: HM072045 (CHDC2005), HM072046 (CHDC32), HM072042 (CHDC4671), HM072044 (CHDC4031), HM072043 (CHDC4090), HM072041 (CHDC5261), and HM072040 (CHDC5365).
RESULTS

Identification of noroviruses in
Children's Hospital stool collection. The GII.3 strains selected for analysis were among the 48 NoV samples identified during the recent examination of 5,424 archival stool materials from the CHDC cross-sectional study (2, 4) . The distribution of NoV genotypes in the 48 positive CHDC samples was found to be the following: GII.3, 48%; GII.4, 17%; GII.7, 13%; GII.6, 6%; GII.1, 4%; GI, 4%; GII.13, 4%; GII.2, 2%; and GII.8, 2% (2). GII.3 viruses represented the most common genotype identified within the norovirus-positive samples, accounting for 23 of the 48 samples, and they were identified in 7 of the 12 years available for study ( Fig. 1) . It is interesting that 2 of the 23 GII.3 NoV-positive samples were found in stool material collected from controls. GII.3 NoVs were identified as the most common NoV strains isolated in 1975, 1976 , and 1988 to 1991; only one sample tested positive in 1979, and GII.3 viruses were not detected in any of the remaining years sampled. The GII.3 viruses studied here were isolated in 1975, 1976, 1979, 1988, 1990 , and 1991.
Evolutionary dynamics of GII.3 noroviruses. The seven GII.3 NoV strains initially characterized using a region of the polymerase gene were confirmed as GII.3 by the comparison of the VP1 sequences to NoV VP1 sequences representing GI, GII, GIII, GIV, and GV strains available in the GenBank database. All CHDC GII.3 sequences clustered with known GII.3 strains, confirming that they were GII.3 NoVs (see Fig.  S3 in the supplemental material).
We studied the evolutionary dynamics of GII.3 VP1 sequences over time, comparing them to previous similar studies of GII.4 NoVs from the same time period (2). Sixty-three GII.3 NoV VP1 sequences from 1975 through 2006 were included in a maximum-likelihood phylogenetic analysis that was used to map out the evolution of GII.3 NoVs over time (Fig. 2) . Clusters were defined as a minimum of three sequences of monophyletic origin. The tree showed that three distinct clusters (I, II, and III) have emerged over time. An additional group of sequences that was not included in the cluster classification was comprised of strains isolated from an immunocompromised patient in Sweden (SWE in GenBank). Four strains did not fit into any specific cluster. Two of these strains, one derived from Japan in 1997 (Hu/ NLV/GII.3/Sinsiro/1997/JPN) and one derived from Argentina in 1995 (Hu/NoV/GII.3/Arg320/1995/AG), were most closely related to each other and were predicted to be most similar to the cluster III sequences. An Australian isolate from 1983 (Hu/NoV/GII.3/Goulburn Valley G5175A/1983/AUS) did not cluster with any defined group and seemed to have emerged out of the cluster I strains from the 1970s. Interestingly, one CHDC strain (Hu/NoV/GII.3/CHDC5261/1990/US) did not fall into any of the three clearly defined clusters. The mean nucleotide variation within and between the three clusters was examined. The clusters had similar intracluster nucleotide variation values of 2.8, 2.1, and 1.8% for clusters I, II, and III, respectively (Fig. 2 ). Interestingly, while the level of nucleotide variation within clusters I, II, and III was very similar, the variation at the amino acid level was much lower in cluster I (0.7%) than in cluster II (3.2%) or III (3.4%) (Fig. 2) . The level of intercluster variation among the amino acid sequences was lower between cluster I and III (2.8%), which are furthest apart in the tree, than the variation between clusters II and III (3.5%), which are closer in the tree. Not surprisingly, the variation within the SWE samples, isolated over the course of a year from a single immunocompromised patient with a chronic infection, was very low, 0.4 and 0.6% for nucleotide and amino acid, respectively, compared to the variation seen within the clusters. Additionally, the nucleotide variation between the SWE group and the defined clusters was much higher than what was seen between the clusters, with values of 13, 12.2, and 6.3% between the SWE samples and clusters I, II, and III, respectively, and 6.3, 7.2, and 5.7% amino acid variation between the SWE samples and clusters I, II, and III, respectively.
A Bayesian coalescent method was used to infer the rates of evolutionary change expressed as nucleotide substitutions per site per year, using three different molecular clock models, a strict-clock and two relaxed-clock estimations, an uncorrelated exponential derivation model (UCED), and an uncorrelated (Table 1) . It has been suggested previously that GII.4 NoVs present an epochal pattern of evolution with periodic bursts of GII.4 activity (28) . A plot comparing the relative genetic diversity over time of GII.4 and GII.3 NoV sequences (Fig. 3) shows a marked difference in the evolutionary dynamics of these two genotypes. These plots show the relative genetic diversity of a population over time, where N e is the effective population size and is the generation. These relative genetic diversity plots can help illustrate a demographical history by showing increases and decreases in genetic diversity within a defined time frame. The overall genetic diversity among strains is lower for GII.3 than for GII.4. In addition, GII.3 strains do not show an increased peak of activity after 1995 but rather a constant circulation of genetic variants. The observed differences could be due partially to the smaller number of GII.3 sequences catalogued over time and might be confirmed by analyzing the Bayesian skyline plot of polymerase sequences which have been reported to better reflect epidemiological observations (40) .
To investigate if the nucleotide variability of these two genotypes is reflected in amino acid fixation on the viral population over time, the percent amino acid distance was calculated between the available VP1 sequences in GenBank (GII.3, n ϭ 56; GII.4, n ϭ 185 [2] ), the CHDC samples (GII.3, n ϭ 7; GII.4, n ϭ 5), and their respective CHDC most ancestral strains (GII.3, Hu/NoV/GII.3/CHDC2005/1975/US; GII.4, Hu/ NoV/GII.4/CHDC2094/1974/US) (Fig. 4) (Fig. 4) .
The VP1 amino acid sequences from the 63 GII.3 sequences used in the alignment spanning the years 1975 to 2006 (see Fig.  S2 in the supplemental material) were used for positive selection analysis. Positive selection or selective pressure is defined as the evolutionary force that increases the frequency of a beneficial mutation until it becomes fixed in the population (26) . An analysis of the VP1 amino acid residues with evidence for positive selective pressure (P Ͻ 0.25) identified seven sites, all in the P2 domain. Positions are highlighted in green in Fig.  5 (aa 293, 304, 341 , 368, 385, 389, and 406).
Protein structure modeling. A homology model was determined by comparison of the amino acid sequence of Hu/NoV/ GII.3/CHDC2005/1975/US P domain to sequences existing in the Protein Data Bank. All seven amino acids evolving under positive selection were highlighted in purple on the Hu/NoV/ GII.3/CHDC2005/1975/US P domain dimer minimized structure (Fig. 6A) . Interestingly, all seven of the positively selected sites mapped to surface-exposed residues in the homology model. The capsid structure for GII.3 NoVs has not yet been solved and can only be estimated by computer generation based on sequence, but the structure of the P2 capsid region has been reported for a GII.4 strain, Hu/NoV/GII.4/VA387/ 1998/US (7). Using the GII.4 model to map selected GII.3 residues of interest onto the solved GII.4 structure allows for preliminary insight into the locations of these amino acids on the viral structure. A solved model of the GII.3 capsid structure will help clarify the true locations of these residues on the viral capsid. To better understand the locations of the amino acids under positive selection in GII.3 NoVs, these sites were highlighted on the minimized structure of the Hu/NoV/GII.4/ VA387/1998/US (2OBT) P domain (7) in complex with blood group trisaccharide B (Fig. 6B) . Six out of seven of the positively selected sites could be mapped to the GII.4 structure. All of the mapped sites corresponded to surface-exposed residues near the two HBGA binding sites (7) . Moreover, there is a marked difference between the location of positively selected sites in GII.3 and that in GII.4 NoVs. Using the same parameters in both determinations, we found that all positively selected sites were located in the P2 region of GII.3 NoVs, while most of the positively selected sites were found in the shell region in GII.4 NoVs (Fig. 6 ) (2). Ribbon structures of the Hu/NoV/GII.4/VA387/1998/US and Hu/NoV/ GII.3/CHDC2005/1975/US minimized structures were superimposed for comparison (Fig. 6C) . The ribbon models illustrated that the majority of the P region is structurally similar between the two models. HBGA binding profile of GII.3 NoV over time. It has been proposed that GII.4 NoVs evolve through cluster replacement over time, and that each emerging cluster is able to escape the immune response and successfully infect susceptible individuals partially due to their ability to bind different types of HBGAs over time (28) . We studied the binding profile of the GII.3 clusters established in this analysis. Consistent with their low and constant level of amino acid variation over a 27-year period, GII.3 NoV clusters differ only slightly in their ability to bind different carbohydrates over time (Table 2) , as all clusters were able to bind to HBGAs Le b and Le x , and H3 was bound only by VLPs representing clusters I and II.
A surrogate neutralization assay also was performed to test the hypothesis that sera raised against an individual cluster would not be able to block the interaction of a heterologous NoV VLP with a specific HBGA. This "blockade" assay has been shown to correlate well with protection against infection (3, 27) . Guinea pig sera raised against three different GII. were tested for their ability to block the binding of an F. Hills-like VLP to H type 3. All sera, including sera raised against a VLP generated from a GII.4 virus circulating 30 years earlier, were able to block the binding of the F. Hills NoV VLP to H type 3, whereas preimmune sera did not interfere with binding (Fig. 7) . The same assay was attempted between GII.3 NoV clusters (data not shown), but we encountered technical problems with poor binding to HBGAs. Therefore, it was not possible to observe a significant optical density (OD) difference between pre-and postimmunization sera. However, we hypothesize that hyperimmune sera raised against the different GII.3 clusters (I, II, and III) block the HBGA binding of heterologous VLPs, since their amino acid variability over time is much lower than that of GII.4 NoVs and all GII.3 NoV clusters interact with the same types of carbohydrates.
DISCUSSION
Noroviruses are important causative agents of acute viral gastroenteritis in both children and adults worldwide. Their persistence in the human population may be due, in part, to the genetic diversity of these viruses. The majority of studies on the evolution of NoVs have focused broadly on all genotypes or on a few specific genotypes, such as GII.4, because of their high prevalence in outbreaks (28) . However, GII.3 NoVs, which are responsible for a large number of infections, particularly in settings in which it is endemic and in children, have not been thoroughly studied (6, 39) . The goal of this study was to compare differences in the evolutionary dynamics of these viruses to inform the development of control strategies to prevent NoV infection and dissemination.
In this study, we have identified and described the VP1 region of the earliest known GII.3 NoV strains isolated from children hospitalized in Washington, DC. Prior to this study, the oldest GII.3 full-length VP1 sequence (Hu/NoV/GII.3/ Goulburn Valley G5175A/1983/AUS) reported was collected in 1983 (42) . GII.3 NoVs were present and caused acute gastroenteritis in the human population at least 8 years earlier, in 1975. Previously, and in unpublished data, we showed that GII.3 NoVs were the most prevalent genotype detected from children hospitalized with acute gastroenteritis at the Children's Hospital National Medical Center of Washington, DC, from 1974 to 1991 (2) . It has been proposed that the most successful NoV genotypes, which currently are responsible for the majority of gastroenteritis cases (GII.4 and GII.3), emerged during the first peak detected in the 1980s (GII.4) (28) and 1990s (GII.3) (6). Our studies of norovirus samples collected prior to those years in the Children's Hospital study now have shown that both GII.4 and GII.3 viruses have been circulating for at least several decades (unpublished data) (2 and K. L. Shumansky, E. J. Abente, S. V. Sosnovtsev, A. Z. Kapikian, K. Y. Green, and K. Bok, unpublished data). This suggests that regardless of the mechanism of evolution of different NoV genotypes and the cumulative host immunity acquired after each gastroenteritis episode, certain genotypes, such as GII.4 and GII.3 remain predominant. Unlocking the key to this evolutionary advantage might be essential for the development of adequate control strategies.
One of the key features of RNA viruses that have allowed them to persist in human populations is their ability to undergo genetic changes which may lead to a more fit generation of viruses (10) . It has been reported that RNA viruses evolve at an approximate rate of 10 Ϫ3 nucleotide substitutions/site/year (18). Consistently with this, it was previously reported that GII.4 NoVs evolved at a rate of 4.3 to 6.5 ϫ 10 Ϫ3 nucleotide substitutions/site/year (2). The GII.3 NoVs in our study evolved at a rate of 4.16 ϫ 10 Ϫ3 to 7.39 ϫ 10 Ϫ3 nucleotide substitutions/site/year (strict-and relaxed-molecular-clock models), which is comparable to the rate for GII.4 viruses. These data differ from a previous study that calculated a lower rate of evolution for GII.3 compared to that of GII.4 (5). Our data suggest that the overall lower prevalence of GII.3 compared to GII.4 NoVs cannot be attributed to differences in the rate of nucleotide evolution in the VP1 region, since the rates of evolution between the two genotypes were remarkably similar for both strict-and relaxed-molecular-clock models. The addition of the CHDC samples to both the GII.3 and the GII.4 (2) evolutionary analyses, together with the use of more statistically advanced algorithms (Bayesian estimation), may have afforded better estimations of evolutionary rates.
The nucleotide and amino acid variations both within and between the three clusters identified in our GII.3 phylogenetic tree were analyzed and compared to values previously described for GII.4. The GII.3 clusters I, II, and III had intracluster nucleotide variation of 2.8, 2.1, and 1.8%, respectively. These values are lower than the range of intracluster nucleotide variation seen in GII.4 NoVs, which demonstrated nucleotide variations ranging from 0.8 to 7% (2) . However, this difference might also be due to the availability of a larger number of GII.4 VP1 sequences in the public databases.
Intercluster nucleotide variation increased with increasing distance between clusters in the tree, with clusters I and II, II and III, and I and III demonstrating variation of 9.5, 10.8, and 11.1%, respectively. It was hypothesized that intercluster amino acid variation would follow a similar pattern; however, the intercluster variation between clusters II and III (3.5%) was higher than the intercluster variation between clusters I and II (2.8%) and I and III (2.8%). These results indicate that while the nucleotide composition of GII.3 NoVs continues to change over time, viruses in the earliest cluster are more similar to viruses in the most recent cluster in their amino acid composition than the two most modern clusters are to each other.
The percent amino acid distances between the two most distant GII. , which appeared to correlate with the emergence of the GII.4 clusters. Taken together, these data demonstrate a striking difference in the evolution of GII.3 and GII.4 NoVs at the amino acid level, despite their similar rates of nucleotide substitution. It seems that while certain amino acid residues have undergone change over time in GII.3 NoVs, many residues in cluster III that had undergone mutation between clusters I and II are the same as the residues in cluster I. While we cannot determine if these mutations were fixed from cluster I, we did not have a large enough sample size to demonstrate this, and could not demonstrate that these mutations have actually mu- tated twice, this phenomenon of similar amino acids between only clusters I and III may reflect an advantage in viral fitness in relation to these particular residues. Alternatively, perhaps only a small repertoire of amino acids can be tolerated by the virus at these positions, which may have undergone mutation due to pressure to evade the host immune response or because of an error-prone RNA-dependent RNA polymerase (RdRp). Since these residues were present in the viral population in the 1970s, and assuming only short periods of antibody protection are elicited after infection, reverting back to those particular residues may allow these viruses to infect current populations, which may have gained immunity to more recently circulating strains.
In contrast, GII.4 NoVs seem to evolve in a linear fashion without much reversion to previously utilized amino acids. This difference may reflect the difference in hosts that these two genotypes tend to infect. For GII.4 to cause epidemics in adult populations, it needs to continue to reinfect previously exposed hosts, which requires constant changes in the capsid protein to evade the host immune response developed in response to previous infections. Conversely, GII.3 NoVs have been shown to be prevalent in young children and infants (1, 9, 13, 34) . These young naïve hosts may not have established immuneassociated protection from previous infections, and therefore GII.3 NoVs may not need to continually adapt to evade the immune response, as the pool of young children and infants is continually renewed. Why these two genotypes have a tendency to infect different age groups in the population has yet to be determined, but it may be due to a variety of factors, including seroprotection from heterologous strains or the minimal infectious dose necessary to cause disease.
The alignment of VP1 sequences representative of all three GII.3 clusters revealed that greater than 50% of the amino acid changes occurred in the P2 domain. Bull and colleagues identified 15 evolutionary hotspots on the GII.4 NoV capsid protein (5). These hotspots vary between each pandemic cluster within this genotype. Interestingly, they found that six (aa 310, 312, 389, 392, 395, and 404) of these GII.4 hotspots also were hypervariable sites in GII.3 sequences, and that they clustered onto four exposed loops in the P2 domain (5) . Consistent with those results, our analysis found variation over time at the same positions with the exception of residue 395 (Fig. 5) . Residue 312 was identified as a residue which had undergone genetic mutation over time but had reverted back to the most ancestral amino acid in the most recent isolates. Residue 389 was predicted, in our analysis, to be under positive selective pressure. Our data confirmed that except for amino acid 395, these hotspots might actually vary between GII.3 clusters.
Our analysis on positive selection sites within the VP1 region of GII.3 NoVs resulted in the identification of only seven residues; however, all seven were located in the P2 domain (Fig. 5) . Previous analysis of the GII.4 NoVs over the same time period identified six positively selected sites; however, only one was located in the P2 domain, while four were identified in the shell (S) domain and one in the P1 domain (2) . These differences in the location of sites under positive selection between GII.3 and GII.4 NoVs indicate that the two genotypes are under differing host selection pressures, such as possible coreceptors or immune-driven selection.
The structural modeling of the Hu/NoV/GII.3/CHDC2005/ 1975/US P domain sequence demonstrated that all seven of the positively selected amino acid sites were surface-exposed residues on the GII.3 minimized structure (Fig. 6 ). It is important that while there is no capsid structure solved for GII.3 viruses, the ability to model with the solved GII.4 structure may give interesting preliminary insight into the location of certain residues. By mapping the same sites on the better-understood GII.4 minimized model, Hu/NoV/GII.4/VA387/1998/US, we showed that out of the six residues that could be mapped, all remained in surface-exposed locations. Additionally, these residues mapped to regions surrounding the predicted HBGA binding sites. This suggests that these sites directly interact with host ligands, including HBGAs. Moreover, these residues may be undergoing positive selection as a direct evasion strategy of the host immune response and neutralizing antibodies. However, we cannot differentiate between mutations occurring due to host-driven pressure and mutations occurring due to RdRp error. Mutations that remain fixed in the population, such as those predicted to be undergoing positive selection, can be hypothesized to be due to host pressure, but further investigation will be necessary to better describe this dynamic process.
The role of the immune-driven evolution of GII. Our binding results agree with the lower level of amino acid variation found on GII.3 NoVs, since all of the clusters analyzed typically bound the same types of carbohydrates, contrasting with a wider and continually changing repertoire of HBGAs bound by GII.4 NoVs over time. Regardless of the binding pattern differences between GII.4 clusters, clusterspecific sera were able to block the interaction of heterologous GII.4 VLPs to HBGAs, even between clusters three decades apart. These data suggest the presence of several conserved antigenic sites within strains of a particular genotype. Several studies show evidence for GII.4 NoVs escaping the immune response through cluster replacement (2, 6, 11, 12, 27 ), but our HBGA-blocking binding assay data did not support these predictions. If GII.4 NoVs are indeed escaping the immune response by cluster replacement, the "blockade" assay might not adequately predict major antigenic shifts within a genotype.
Our study provides novel insight into the evolution of the VP1 protein of GII.3 NoVs over a 31-year period and includes the characterization of three sequences older than any previously described. These data demonstrate that GII.3 NoVs were circulating and causing severe disease in humans prior to 1983, the date of the oldest GII.3 NoV VP1 sequence previously available in public databases, and that the currently circulating GII.3 strains probably have a common ancestor between 1970 VOL. 85, 2011 NOROVIRUS EVOLUTION OVER 31-YEAR PERIOD 8665 and 1973. Our study also provided insight into the evolution of GII.3 NoVs compared to that of their more prevalent relative, the GII.4 NoVs. While both of these genotypes had similar rates of nucleotide evolution, the fixation of amino acid substitutions over time was strikingly different, with GII.3 NoVs demonstrating more similarity in amino acid sequence between samples isolated three decades ago than samples isolated in the same decade. This, together with the difference in location of the positively selected amino acids, suggests that these two genotypes are under differing host-specific selective pressures. A clear and thorough characterization of the various patterns of evolution employed by different NoV genotypes is critical for the development of suitable vaccine candidates which need to be formulated to target the most likely strains circulating at a given point in time.
